Novel zeolite/tobermorite composites were prepared by hydrothermal treatment of a powder-compact consisting of mordenite and slaked lime. Tobermorite formed after the hydrothermal process due to the reaction of mordenite and slaked lime. The bending strength after the hydrothermal process was more than 7 MPa. X-ray diffraction analysis results showed that mordenite remained after the hydrothermal treatment, resulting in the existence of inherent micropores of mordenite in the composites. The composites exhibited a broad mesopore size distribution of more than 6 nm. The improvement in strength, mesopore formation, and specific surface area of the composites depended on the amount and size of the tobermorite that was formed.
Introduction
The favorable properties of zeolites, which are hydrated aluminosilicate minerals, are related to the unique environment within the micropores. Zeolites have been investigated for environmental applications based on ion-exchangers, molecular sieves, and adsorbents. 1)-3) The solidification of zeolite has played an important role in broadening the application of zeolite in various fields. However, it was reported that natural zeolite transforms to phases such as cristobalite during the sintering, with a high temperature for solidification. 4) On the other hand, monolithic polycrystalline zeolite was reported to synthesize through steam treatment with porous silica gel in the presence of tetrapropylammonium hydroxide.
5) The preparation of hardened bodies consisting of zeolite and ordinary portland cement as a pozzolanic resource has also been reported. 6) Porous ceramics have been employed in industrial fields because of its chemical stability and resistance to acidic and basic media. In particular, microporous ceramics with high bending strength and porosity have been increasingly popular in manufacturing filters for large-scale applications such as the pre-purification field for industrial wastewater. Research has been conducted on the low cost preparation of microporous ceramics consisting of natural minerals such as sepiolite and zeolite. 7), 8) It is well known that the transportation of large molecules in materials is hindered by micropores of the materials. To overcome this problem, it has been suggested that both micro and meso pores be generated in the material, as they have better mass transport properties.
9) The addition of mesopores into zeolite with micropores would allow for the improvement of its adsorption abilities. That is, solidification materials that have micro and meso pores made using zeolite are expected to be applicable to environmental purification materials in various fields. The precipitate of typical calcium silicate hydrates such as C-S-H gel and tobermorite in the hydrothermally solidified materials has been suggested to cause the formation of fine pores of diameter 10 nm in a CaO-SiO2-H2O system. 10),11) Our strategy for the preparation of micro/mesoporous solidified materials is to utilize micropores of zeolite and to generate mesopores through the formation of calcium silicate hydrates during hydrothermal treatment. In the present work, the solidification of natural zeolite/ tobermorite composites using a hydrothermal treatment is discussed.
Experimental procedure
Natural zeolite minerals containing a large amount of mordenite with traces of quartz and feldspar (particle size: less than 250 μm, surface area: 17 m 2 /g, Sin Tohoku Chemical Industry Co., Ltd., Japan) and slaked lime (average particle size: 10 μm, surface area: 10 m 2 /g) were used as starting materials. Lime was prepared by calcination of calcium carbonate (Wako Pure Chemical Industries, Ltd., Japan) at 1000°C for 3 h. Slaked lime was obtained by adding distilled water to the prepared lime. The chemical composition of natural zeolite was determined to be 67.6 mass% of SiO2, 10.7 mass% of Al2O3, 3.7 mass% of CaO, 3.5 mass% of Fe2O3, 2.0 mass% of K2O, 1.0 mass% of TiO2, and 11.4% of ignition loss by X-ray fluorescence and thermogravimetric analysis. The materials were mixed and the mixture was then added to 10 mass% of distilled water for molding. The three mass ratios of natural zeolite/slaked lime in the mixture were 90:10, 80:20, and 62.5:37.5. The mixture was then uniaxially pressed at 15 MPa in a stainless steel die (15 × 40 mm). The powder-compacts (4 × 15 × 40 mm) were then hydrothermally treated under saturated steam pressure at 180°C for various lengths of time. The hydrothermally solidified materials containing 10, 20, and 37.5 mass% slaked lime are termed as samples A, B, and C, respectively. The samples were dried at 80°C in air for 24 h and subsequently stored in desiccators for further studies.
The crystalline phase in the samples was identified by XRD analysis with Cu Kα : 0.154 nm. The mordenite and tobermorite content in the samples was determined by the quantitative XRD technique. Alumina was used as an internal standard. The integrated intensities of mordenite (200), tobermorite (002), and alumina (113) were measured over a 2θ range from 6° to 11° and 42.5° to 44.5°. At least three samples were used for each peak area measurement. The fracture surface morphology was JCS-Japan observed by scanning electron microscopy (SEM). The flexural strength of the samples (4 × 15 × 40 mm) was estimated by a three-point bending test at a loading rate of 0.5 mm/min. The strength was measured at least four times. The porosity of the samples was calculated using the density measured by the Archimedes' method. The pore size distribution of the samples was measured by mercury intrusion porosimetry. The specific surface area, mesopore size distribution, and micropore volume of the samples were measured by a nitrogen gas sorption analysis. All samples were preheated at 80 or 300°C in vacuum to remove the physisorbed water. The mesopore size distribution was determined by the Barrett-Joyner-Halenda (BJH) method. The micropore volume was calculated by the t-plot method. Figure 1 shows the mean strengths and standard deviations of the bending strengths of samples A-C before and after the hydrothermal treatment. The strength of each sample increased abruptly at the initial stage of curing. After 4 h of the hydrothermal process, the strength of sample A stabilized. The bending strength of samples B and C increased gradually after 4 h. Samples B and C had twice the bending strength of sample A. The porosity of samples A, B, and C after 12 h of the treatment was determined to be 41, 38, and 45%, respectively. It is clear that the strength of the samples improves independently of its porosity. Figure 2 shows the XRD patterns of samples A-C before and after hydrothermal treatment. The XRD pattern before the hydrothermal treatment shows that the powder-compacts consist of crystalline phases such as mordenite, quartz, feldspar, and slaked lime. In the XRD patterns of samples A-C after the hydrothermal treatment, the peaks corresponding to slaked lime disappear. Moreover, the peaks corresponding to mordenite are hardly seen after 12 h of hydrothermal treatment in sample C. In the XRD patterns of samples B and C, it is clear that the peaks of tobermorite appear after 12 h of hydrothermal treatment. On the other hand, no tobermorite formation occurs after the hydrothermal treatment in sample A. Almost no significant decrease in the peaks corresponding to quartz and feldspar was observed before and after the hydrothermal treatment for each sample. These results suggest that the crystallization of tobermorite was caused by the reaction of mordenite and slaked lime.
Results and discussion
In order to investigate the reactivity of mordenite and the formation of tobermorite during the hydrothermal treatment, the [Imordenite(200)/Ialumina(113)] ratio and [Itobermorite(002)/Ialumina(113)] ratio for each pattern were estimated by quantitative XRD analysis using an internal standard. Imordenite(200), Itobermorite(002), and Ialumina(113) denote the integrals of the peaks at 6° due to tobermorite (200), 9° due to mordenite (002), and 43° due to alumina (113), respectively. Figure 3 shows the relationship between these ratios and the curing times. The mordenite ratio of each sample decreased gradually during the hydrothermal treatment. Sample C had the highest mordenite reactivity. The tobermorite ratio in sample C had much higher than that in sample B in the experimental condition. On the other hand, after the hydrothermal treatment, the tobermorite ratio in sample A was the same as before the hydrothermal treatment because there was no peak corresponding to tobermorite, as shown in Fig. 2 . The dissolution of slaked lime during hydrothermal treatment caused an alkaline condition in the samples. As a result, it is proposed that the solubility of mordenite is enhanced in the hydrothermal treatment, leading to stimulation for tobermorite formation. Figure 4 shows the pore size distribution curves of samples A-C before and after 12 h of the hydrothermal process. The pore size distribution curve of each sample before the hydrothermal process has a broad peak in the range of 0.03-4 μm in diameter.
The peak is attributed to the pores between particles in the powder-compacts. In the pore size distribution curves of samples A and B after the hydrothermal process, the broad peak tends to increase sharply in slaked lime content. On the other hand, after the hydrothermal process of sample C, no peaks were observed when the diameter was more than 0.1 μm. The pore size distribution curves of each sample after the hydrothermal process had 
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a new peak when the diameter was less than 0.05 μm. Figure 5 shows SEM micrographs of the fracture surface of samples A-C before and after the hydrothermal process. Before the hydrothermal process, almost no significant change was observed in any sample. As found in the micrograph of sample A, no deposit formation occurred after 4 h of the process. In the SEM micrograph of sample A after 12 h of the process, the space between the starting materials was filled with needle-like finesized deposits. According to XRD analysis, no peaks corresponding to newly formed deposits were observed in sample A. It is well known that crystalline calcium silicate hydrates such as tobermorite form via C-S-H gel as a precursor in the hydrothermal treatment.
12) The deposits are proposed to be a precursor gel such as a C-S-H gel. SEM micrographs of samples B and C show that numerous deposits form after 4 h. The fracture face of sample B after 12 h was covered with deposits, the morphology and size of which were almost the same as those after 4 h. The deposits formed in sample C after 12 h of the process were much larger than those formed after 4 h. It has been reported that the formation of typical calcium silicate hydrates such as tobermorite and xonotorite enhances the strength of the material during the hydrothermal treatment in the CaO-SiO2-H2O system. 13), 14) In the pore size distribution curves and SEM micrographs of samples A-C taken after the process, the deposit formation between the particles led to a reduction in the space attributed to the pores between particles in the powder-compacts. These results indicate that filling in the pores between the particles in the powder-compacts due to deposit formation plays an important role in improving strength after the hydrothermal process.
The specific surface areas of samples A-C before and after the hydrothermal process are shown in Table 1 . Almost no changes in the specific surface area are seen before the hydrothermal process of each sample. The specific surface area of sample A increases after 4 h of the hydrothermal process, and subsequently stabilizes. On the other hand, the specific surface area of samples B and C increases linearly after the hydrothermal process. The changes in the specific surface area and bending strength after the process show a similar trend in each sample. It is proposed that the formation and growth of deposits between each particle causes an increase in the specific surface area. The mesopore size distribution curves determined by the BJH method for the gas desorption curves are shown in Fig. 6 . It is clear that each sample exhibits a broad pore size distribution of more than 6 nm. Moreover, sample C has a peak at 20 nm in diameter. The mesopore volume of samples A, B, and C after 12 h of the treatment was determined to be 0.07, 0.15, and 0.27 cm 3 /g, respectively. It should be noted that among the samples, sample C has the largest specific surface area and the greatest pore volume. As shown in Fig. 5 , the size of the tobermorite in sample C became larger as the curing time increased. On the other hand, the sizes of the deposits in samples A and B, which have a different crystal phase, were almost the same. These results suggest that mesopore size and volume influence the size and amount of newly formed deposits. The micropore volumes of samples A-C before and after the hydrothermal process are shown in Table 2 . The micropore volume of the natural zeolite used in the present work was determined to be 0.067 cm 3 /g. The micropore volumes of the samples before the treatment calculated from the t-plot method agree with the calculation results using the micropore volume of the natural zeolite and the mixture ratio of the natural zeolite and slaked lime. After the treatment, the micropore volumes of samples A-C decreased considerably. The discontinuity of a micropore channel network between zeolite crystals and grain boundaries was reported to be caused by the introduction of voids, pinholes and amorphous phases into the zeolite crystals. 15) The dissolution of natural zeolite is proposed to lead to the partial collapse of the microporous structure of the zeolite in the hydrothermal treatment. That is, the discontinuity of the micropore channel network causes the reduction of the micropore volume in samples after treatment.
Conclusion
A novel composite consisting of mordenite/tobermorite was hydrothermally synthesized using natural zeolite and slaked lime as starting materials. Tobermorite formed after the hydrothermal treatment, leading to strength improvement. Preparation of mordenite/tobermorite is readily controlled by hydrothermal treatment time and slaked lime content as a starting material in Fig. 6 . Mesopore size distribution curves determined by the BJH equation using N2 gas desorption isotherms for samples A(○), B(□) and C(△) after 12 h of the hydrothermal treatment. the powder-compacts. The composites have inherent micropores of mordenite and mesopores due to the structure tangled with each newly formed deposit. The amount and size of newly formed deposits plays an important role in the mesopore formation and the increase in specific surface area.
